The application of molecular modelling and quantumchemistry calculations for the 'computational site-directed mutagenesis' of haloalkane dehalogenase is described here. The exhaustive set of single point mutants of haloalkane dehalogenase in position 172 was constructed by homology modelling. The ability of substituting residues to stabilize the halide ion formed during the dehalogenation reaction in the enzyme active site was probed by quantum-chemical calculations. A simplified modelling procedure was adopted to obtain informative results on the potential activity of mutant proteins in a sufficiently short period of time, which, in the future, could be applicable for making bona fide predictions of mutants' activity prior to their preparation in the laboratory. The reaction pathways for the carbon-halide bond cleavage were calculated using microscopic models of wild type and mutant proteins. The theoretical parameters derived from the calculation, i.e. relative energies and selected atomic charges of educt, product and transition state structures, were statistically correlated with experimentally determined activities. The charge difference of educt and product on the halidestabilizing hydrogen atom of residue 172 was the best parameter to distinguish protein variants with high activity from mutant proteins displaying a low activity. All mutants with significant activity in the experiment were found to have this parameter one order of magnitude higher than mutants with low activity. The results obtained are discussed in the light of the practical application of this methodology for the prediction of potentially active protein variants. Further automation of the modelling procedure is suggested for combinatorial screening of the large number of protein variants. Coupling of the dehalogenation reaction with hydrogenation of the halide ion formed during the reaction in the enzyme active site was proposed as a possible way to improve the catalytic activity of the haloalkane dehalogenase of Xanthobacter autotrophicus GJ10.
Introduction
The biodegradation of synthetic organic compounds by microorganisms represents the major process for attenuation of their concentration and mass in the environment. Some compounds are only biodegraded very slowly by indigenous microbial communities and persist in the environment. One of the reasons for their resistance to microbial decomposition can be inefficient biocatalysis of one or more of the catalytic steps along the biodegradation pathway. Improvement of the catalytic properties of the key biodegradative enzymes by site-directed mutagenesis, represents one possible strategy for enhancing the efficiency of the biodegradation processes (Janssen and Schanstra, 1994; Timmis et al., 1994; Manchester and Ornstein, 1996; Janssen et al., 1998) .
Site-directed mutagenesis experiments enable us to make specific changes in protein structure and in this way tailor their catalytic properties. However, it is usually not obvious which mutation will lead to the desired change in the catalytic activity and/or the substrate specificity of the enzyme (Atkins and Sligar, 1991) . Computational chemistry and molecular modelling offer effective tools for the study of the mechanisms of biodegradation reactions at a molecular level (Paulsen and Ornstein, 1996; Damborsky et al., 1997b) and can provide guidelines for mutagenesis experiments. The modelling procedure used for the study of the effects of mutation on the protein catalytic properties needs to be reasonably accurate for identification of the significant changes in activity due to mutation, but at the same time, fast enough to serve as a predictive tool for laboratory mutagenesis experiments. Modelling and computational analysis of large number of mutants must be performed in a sufficiently short period of time to be still faster than practical preparation and testing of mutant proteins in the laboratory. Qualitative or semiquantitative results obtained by calculation in a short period of time can therefore be preferred over the precise result from time-demanding calculations.
Haloalkane dehalogenase is the enzyme involved in the degradation of halogenated aliphatic compounds by soil bacteria and improvement of its catalytic properties is desirable from the biotechnological prospective. The structure and reaction mechanism of this enzyme is known from crystallographic analysis (Verschueren et al., 1993a,b) . A number of sitedirected mutagenesis experiments have been performed to probe its structure-function relationships (Pries et al., 1994 (Pries et al., , 1995a Schanstra et al., , 1997 . One of the targets chosen for mutagenesis experiments by Schanstra and coworkers was the residue in position 172 . This amino acid is positioned inside the enzyme active site cavity and makes direct contacts with the substrate during the catalysis (Figure 1 ). Previous quantum-mechanic (QM) study performed on a model of the dehalogenase active site have shown that Phe172 is involved in transition state and halide ion stabilization (Damborsky et al., 1997a) . This role of Phe172 in the catalytic mechanism of haloalkane dehalogenase was also confirmed by quantitative structure-function relationships analysis (Damborsky, 1997 (Damborsky, , 1998 . The main objective of the present study was to investigate whether molecular modelling and QM calculations can be used for the 'computational site-directed mutagenesis' of haloalkane dehalogenase and to suggest potentially active protein variants carrying a particular substitution in position 172. 
Methods

Modelling of single-point mutants
The exhaustive set of the 19 single-point mutants of haloalkane dehalogenase in position 172 was prepared by a homology modelling approach as implemented in the program MODELLER version 3.0 (Sali and Blundell, 1993) . This approach uses the method of the satisfaction of spacial restrains for model building. The crystal structure of the enzymesubstrate complex of Xanthobacter autotrophicus GJ10 haloalkane dehalogenase with 1,2-dichloroethane (DCE) obtained from the Brookhaven Protein Database, accession code 2dhc, served as a template structure. The sequence of haloalkane dehalogenase with a desired substitution in position 172 was used as a target sequence. The constructed models were refined by the molecular dynamic 'refine1' option of the program MODELLER. The modelled structures did not deviate significantly from the wild type X-ray structure. The average r.m.s. differences of the backbone atoms of the residues included in the calculation (Figure 1) were less than 0.2 Å. No large structural rearrangements of the active site were observed for modelled structures. Three different variants of Phe172His mutant were constructed and used for the calculations: singly protonated on atom N δ1 H (Phe172His_1), singly protonated on atom N δ3 H (Phe172His_3) and doubly protonated (Phe172His_13). The models of six dehalogenase variants with 1,2-dibromoethane (DBE) were constructed by the replacement of chloride atoms of DCE by bromide atoms. No additional minimizations of dehalogenase-DBE complexes were performed since the geometry optimization took place during the first cycle of the MOPAC/DRIVER calculation.
Preparation of input files for MOPAC/DRIVER calculation
The microscopic model of the haloalkane dehalogenase active site, composed of four amino acids (Asp124, Trp125, Trp175 902 and Val226) and a substrate molecule (DCE or DBE, respectively) was used as a starting geometry for the reaction pathway calculation (Figure 1 ). The active-site models in PDB format were prepared from wild type and mutant structures using the molecular modelling package InsightII (Biosym/MSI). The Cand N-terminal ends of the residues were adjusted by hydrogen atoms to saturate valences. An 'in house' program TRITON (written by M.Prokop) was used to convert the geometries from PDB format to XYZ-coordinates format which is required by the MOPAC program applied for reaction pathway calculation as described in the following paragraph. The TRITON program generates XYZ-coordinates in a way that no two consecutive atoms in the structure-coding matrix have a larger distance apart than 8 Å which is essential for successful completion of the MOPAC calculation. The backbone atoms of the amino-acid residues were fixed during calculation. Tedious manual atom-by-atom fixations were automated in the TRITON program (http://web.chemi.muni.cz/lbsd/triton. html).
Modelling of reaction pathways
The reaction pathways were calculated on Power Challenge XL computer using the program MOPAC version 6.0 (Stewart, 1990) . The subroutine DRIVER (Cernohorsky et al., 1996) of the semi-empirical quantum chemical program MOPAC was used for the mapping of the reaction pathways of the S N 2 dehalogenation reaction ( Figure 1B) . A detailed description of the method and parameters used for the modelling of this reaction was published previously (Damborsky et al., 1997a) . In the DRIVER subroutine, the internal reaction coordinate is continuously moved from educts to products by a positive step. After each step, the structure is fully optimized with the exception of the driven coordinate. The distance between the nucleophilic oxygen of aspartic acid 124 (O δ1 ) and the carbon atom of DCE or DBE, respectively, (C 2 ) was continuously decreased in steps of 0.05 Å ( Figure 1B ). The applicability of semi-empirical QM calculations for the study of S N 2 dehalogenation by haloalkane dehalogenase was previously tested (Damborsky et al., 1997a; Lightstone et al., 1997) .
Data extraction and statistical analysis
The structures obtained from the MOPAC/DRIVER calculation were animated using the program TRITON. The heats of formation were extracted for educt, transition state and product of each mutant. Partial atomic charges were extracted for selected atoms ( Figure 1A ). The graphical interface of the program TRITON enables us to interactively examine the geometries, energies and charges of each structure along the reaction pathway ( Figure 2 ) and conveniently extract the data from the MOPAC output files. Spearman's rank correlation coefficient (Zar, 1984) was applied as a robust measure of correlation (r s ) between parameters extracted from the calculation and the experimental data of Schanstra and coworkers . Non-parametric correlation was chosen in order to depict mechanistically expected qualitative rather than quantitative trends in mutual relationships between the examined data. The statistical significance of differences in values of extracted parameters between groups of 'active' protein variants (i.e., wt, Phe172Tyr, Phe172Trp, Phe172Met, Phe172His and Phe172Cys) and 'non-active' (the rest) protein variants was assessed by a standard independent t-test controlled by the Mann-Whitney test (Zar, 1984) . Whenever necessary, the geometric mean was estimated for variables with a log-normal distribution. (Damborsky et al., 1997) . The charges were calculated by the MOPAC/DRIVER procedure applied on the activesite model composed of 13 residues and the substrate molecule (Glu56, Asp124, Trp125, Phe128, Phe164, Phe172, Trp175, Phe222, Pro223, Val226, Asp260, Leu262, His289 ϩ DCE).
Step numbers plotted on the horizontal axis correspond to the steps in the MOPAC/DRIVER simulation. Note the jump in charge during the release of the halide ion from 1,2-dichloroethane indicating significant electrostatic interaction between the partially positively charged H ε1 atom of Phe172 and the negatively charged halide ion.
Results and discussion
In previous work we applied semi-empirical quantum-mechanic calculations for the study of the kinetics and thermodynamics of the dehalogenation reaction catalysed by haloalkane dehalogenase (Damborsky et al., 1997a) . The reaction was studied with the active-site model composed of 13 amino acid residues. The involvement of particular active-site residues in the reaction mechanism was elucidated from changes of partial atomic charges during the reaction course. Phenylalanine 172 was shown to participate in the stabilization of the halide ion released during the S N 2 dehalogenation reaction ( Figure 3 ). This stabilization is accomplished by partially positively charged H ε1 atom of the Phe172, interacting with the partially negatively charged Cl 1 atom of the substrate molecule in the Michaelis-Menten complex and with fully negatively charged Cl -in the alkyl enzyme intermediate. Stabilization of the 903 DCE molecule and tetrahedral intermediate via interaction of Phe172 with C 2 and Cl 4 noted by Verschueren and co-workers (Verschueren et al., 1993a,b) appears to be of secondary importance for the catalytic performance of the haloalkane dehalogenase. Phe172-H ε1 forms together with Trp125-H ε1 and Trp175-H ε1 some kind of 'tripod' which stabilizes the negative charge developing on the halogen atom during the reaction ( Figure 1A) .
In an independent study, Schanstra and collaborators experimentally investigated the role of phenylalanine 172 for the functioning of dehalogenase by mutational analysis . They constructed 16 different protein variants mutated in position 172 and experimentally accessed their activity. Only mutant enzymes in which Phe172 was substituted by Tyr, Trp, Met, His and Cys retained their activity with DBE ( Table I) .
The aim of the present study was to explore the applicability of computer modelling for 'construction' and analysis of the catalytic properties of protein variants of haloalkane dehalogenase. The practical use of such a computational approach would be to propose those mutant enzymes which have the highest probability of being active in the experiment. The active-site model included in the QM calculation was reduced from 13 to five amino acids in the present study in order to obtain the results for a large number of protein variants in a sufficiently short period of time. Such a decrease in the size of the system produced a desirable reduction in the computational time. However, there was a danger of oversimplifying the problem. For this purpose, statistical analysis was applied to check the informational content of the data obtained from the calculation, particularly their relevance for the explanation of experimental activity data.
Comparison of calculated parameters with experimentally derived activities
The underlying hypothesis for the comparison of the experimental activities of Phe172 mutants with parameters obtained from quantum-chemical calculations was that (i) active-site residue 172 significantly contributes to the stabilization of the halide ion released upon dehalogenation of the substrate molecule; and (ii) only protein variants in which the released halide is sufficiently stable, retain catalytic activity. It was expected that the protein variants without good stabilization of the halide ion will not retain wild-type activity. However, quantitative relationships between the extent of stabilization, described quantitatively by extracted parameters, and the experimental activities of the protein were not be expected since the dehalogenation reaction has a multi-step character and different steps were shown to be rate-limiting in different Phe172 mutants .
The following parameters were extracted for each protein variant from the output data of the MOPAC/DRIVER calculation: the relative energies (heat of formation) of the system and the partial atomic charges on selected atoms. Both energies and charges were extracted for educts, transition states and products. The differences between the values of educts and transition states, and the values of educts and products, respectively, were also calculated. Extracted values are given in Table I . The obtained parameters were compared one-byone with the activity data of Schanstra and co-workers using Spearman's rank correlation analysis. Spearman's correlation coefficients with P-values are listed in Table I . The most significant correlations were observed for the following para- meters: the charge on H125-H ε1 atom in product structures (r s ϭ -0.77, P ϭ 4.0ϫ10 -4 ), the energy difference of educt and product, i.e. reaction enthalphy, (r s ϭ -0.73, P ϭ 0.001), the charge on DCE-Cl 1 atom in product structures (r s ϭ -0.7, P ϭ 0.002), the charge difference of educt and product on H172-H ε1 atom and equivalent atoms (r s ϭ 0.7, P ϭ 0.003). The significance of these parameters mechanistically supports the proposal that good stabilization of the halide ion produced during the reaction is a necessary prerequisite for the proteins' activity. Mean values of two groups of proteins ('active' versus 'non-active') were statistically compared to further test the ability of theoretically derived parameters to distinguish proteins with retained activity (wt, Phe172Tyr, Phe172Trp, Phe172Met, Phe172His and Phe172Cys) from other protein variants. Calculated means, their standard errors, t-statistics and their significance level P are provided for each parameter in Table I . The most significant parameter, the charge difference of educt and product on atom Phe172-H ε1 and its equivalents, is able to discriminate between two groups of proteins with a high degree confidence (t ϭ 10.1990, P ϭ 7.3ϫ10 -8 ). Without exception, all mutants with significant activity in the experiment have the charge difference of educt and product on atom Phe172-H ε1 and its equivalents one order of magnitude higher than mutants with low activity (Table I, Figure 4 ).
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Calculations with DCE as a substrate were complemented for six protein variants by analogous calculations with DBE. Selected parameters are listed and compared in Table II. Pearson's correlation coefficients indicate that the stabilizing effect of residue 172 can be comparably well explored using either halogenated substrate.
Combinatorial 'computational site-directed mutagenesis'
Statistically significant correlation between measured activity and changes in charges on Phe172-H ε1 and its equivalents, confirms the applicability of the 'computational site-directed mutagenesis' approach for the prediction of potentially active variants of haloalkane dehalogenase. Bona fide predictions of potentially active mutants can save time, material and effort by eliminating the construction and testing of non-active proteins. Table III shows the timing of particular steps used in this computational study. Although some of the timeconsuming steps of the study, e.g., preparation of input files for MOPAC or data extraction, have already been considerably simplified in the TRITON program, there is still space for further automation of the whole methodology. We believe there is an objective need for the development of computer programs automating the procedure of mutant modelling, the calculation of reaction pathways and/or binding energies, and the analysis of generated data to enable screening of a large number of protein variants in a short period of time. With ever increasing computer power such programs could in the future involve more precise methods for the calculation of reaction 905 pathways, like the Quantum Mechanics/Molecular Mechanics method (Bash et al., 1991) , and for the calculation of binding energies, like the Free Energy Perturbation method (Aqvist et al., 1993) . To date, we are aware of a single program which follows the philosophy of the systematic modelling of protein variants and the parallel computational analysis of their binding (Wilson et al., 1991) .
Coupling of dehalogenation with hydrogenation-proposal for catalytically improved haloalkane dehalogenase
The Phe172His protein variant was modelled in three different protonation states, singly protonated in position 1 (Phe172His_1), singly protonated in position 3 (Phe172His_3) and doubly protonated (Phe172His_13), although only the singly protonated state was expected according to the pH used in the activity experiments. Rotation of the histidine ring was noted in the calculation with Phe172His_3 mutant, where the stabilizing hydrogen atom was initially on the opposite side of the ring in relation to the DCE molecule. Ring rotation resulted in the educt structure of this protein variant having a lower energy than the energy calculated for Phe172His_1 mutant. Robust statistical tests used in this study were however insensitive to differences in parameters obtained for these two possible models of singly protonated Phe172His protein variants. Spontaneous transfer of the proton from His172 to the chloride ion was observed with doubly protonated Phe172His variant. This reaction was characterized by its low activation barrier and large negative enthalpy change ( Figure 5 ), suggesting very good reaction kinetics and good stabilization of products. Electroneutral HCl is formed during this reaction instead of charged Cl -. It is known from the pre-steady kinetic experiments of , that halide export is the rate- a Homology modelling calculations were preformed using SGI Indigo2 computer, 128MB RAM, R4400 processor. b MOPAC/DRIVER calculations were performed using SGI PowerChallenge computer, 1024MB RAM, R10000 processor. with transient kinetic studies revealed that the rate of carbonhalogen cleavage is inversely correlated with the rate of conformational change facilitating halide release (Janssen et al., 1998) . The halide ion released during carbon-halogen bond cleavage needs to be well stabilized for good kinetics of the S N 2 reaction. This stabilization is accomplished by electrostatic interactions with active site residues as clearly demonstrated by the present study. However, the same interactions make the release of the halide ion more difficult. This finding significantly reduces the chance of engineering a kinetically improved haloalkane dehalogenase without modification of its reaction mechanism.
The results obtained with doubly protonated Phe172His indicate the possibility for enhancement of the overall kinetics of haloalkane dehalogenase by coupling the dehalogenation reaction with hydrogenation. Protonation of the halide ion upon its release from the substrate molecule by H ϩ originating from histidine or some co-factor may result in a kinetically fast S N 2 reaction and formation of electroneutral HCl which would be rapidly exported from the enzyme active site. Engineering of histidine with an elevated pK a constant, or some other hydrogen-donating species, into the active site of haloalkane dehalogenase would be required for a change in its reaction mechanism. In future research we intend to investigate the influence of halide hydrogenation on other steps of the dehalogenation reaction catalysed by haloalkane dehalogenase.
